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ABSTRACT

Experimental measurements are made with a novel two wire thermocouple.
Signals from two wires of unequal diameters are recorded from the thermocouple
suspended in constant flow with a periodic temperature fluctuation. It is
demonstrated that the reconstructed signal from the two wire thermocouple
requires no compensation for ® <2 w; where 3 is the natural frequency of the
smaller wire. A compensation factor is recommended for larger frequencies ® > 2w

Theory and experimental measurements are compared with a novel three
wire thermocouple. Signals from three wires of unequal diameters are recorded
from the thermocouple suspended in constant flow with a periodic temperature
fluctuation. It is demonstrated that the reconstructed signal from the three wire
thermocouple requires no compensation for o < 5m; where ®; is the natural
frequency of the smaller wire. The latter result represents a significant
improvement compared to previous work with two wire thermocouples. A
correction factor has also been derived to account for wires of arbitrary diameter.

Measurements are recorded for multiwire thermocouples consisting of either
two or three wires of unequal diameters. Signals from the multiwire probe are
recorded for a reversing gas flow with a periodic temperature fluctuation. It is
demonstrated that the reconstructed signal from the multiwire thermocouple
requires no compensation provided w/w; < 2.3 for two wires or ®/®; < 3.6 for three
wires where o is the natural frequency of the smaller wire based on the maximum
gas velocity. The latter results were possible provided Fourier transformed data
were used and knowledge of the gas velocity is available.
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. TWO WIRE THERMOCOUPLE: FREQUENCY
RESPONSE IN CONSTANT FLOW



1. INTRODUCTION

The evaluation of jet engine performance and fundamental studies of
combustion phenomena depend on the measurement of turbulent fluctuating
temperatures of the gas within the engine. Historically, these temperatures have
been measured with thermocouples.! The advantages of thermocouples are their
low cost, reliability, and simplicity since they do not require optical access or
elaborate support electronics. However, the design of a thermocouple represents a
compromise between accuracy, ruggedness, and rapidity of response.

For example, the measurement of fluctuating temperatures in the high-speed
exhaust of a gas turbine engine combustor is required to characterize the local gas
density gradients or convective heat transfer.2 Although thermocouples are suitable
for the measurement of high-frequency temperature fluctuations (<1 kHz) in a
flowing gas or liquid, the measured signal must be compensated since the frequency
of the time-dependent fluid temperature is normally much higher than the natural
frequency of the thermocouple probe.3 Moreover, use of a single wire thermocouple
in constant velocity flows requires knowledge of the fluid velocity and properties
(e.g., viscosity, density, etc.) to determine the natural frequency.

The present paper describes the performance of a novel two wire
thermocouple of unequal diameters that does not require compensation at lower
fluid temperature frequencies nor any knowledge of the fluid velocity or properties.
The results of experimental measurements are presented along with the suggested
procedure for the reduction of the data from the two wire thermocouple as shown

in fig. 1.



2. ONE WIRE

Use of a single wire thermocouple requires knowledge of the fluid velocity
and properties to determine the natural frequency. The latter quantity is necessary

to establish a frequency dependent compensation factor for the measured signal.

2.1 Steady State Response

The conservation of energy for a single wire is :

dT
— = o, (T, -T) (1)
dt "o
where the natural frequency
4h
W, = : ()
pc,D
Here:
®n, = natural frequency (secl)
T = temperature of the thermocouple (°K)
Tg = temperature of the gas (°K)
t = time (sec)
p = wire density (kg/m3)
cp = heat capacity of wire (J/Kg - 'K)
h = heat transfer coefficient (W/m?2 - °K)
D = wire diameter (m)

It is convenient to rewrite the heat transfer coefficient in terms of the Nusselt

number

h = &N 3
Du (3)



where
kg = thermal concluctivity of the gas (W/m - °K)

Nusselt number.

Z
c
[

Thus, the natural frequency in Eq. (2) becomes

4k Nu @
® = ,
" (pc)D?
where Nu = C_ Re™Pr"’. (5)
and Re = -\Q
v
g
uc
Pr = —&
T X

We now assume a periodic variation in the temperature of the form

T = e* (6)

g
and a wire temperature
T = Ae™. 7)

Substituting Egs. (6) and (7) into Eq. (1), one obtains a wire temperature or first order

response to a simple harmonic gas temperature fluctuation of the form



T = (8)

where the phase angle

g, =—tan"(0/®,). 9

2.2 Error
The natural frequency of a single wire from Egs. (4) and (5) can be written in

the form,

k,C,4Re™ Pr'”’
®, = > (10)
(pc)D
or separating the wire diameter
o, = CD™?
(11)
where the coefficient C depends on both fluid and wire parameters or
4k C_ V™ Pr'?
— 4 — . (12)
(po)v;

Substituting values corresponding to a type K thermocouple and a gas velocity V =
10 m/s for air at standard conditions into Eqgs. (11) and (12), one obtains values of the

natural frequency:

an(sec?!) D (m)
33.8 50x10-6
18.3 75x10-6



85 125x1076

The values of the natural frequency wn depends on the choice of the
exponent m in the empirical expressions Egs. (4) and (5). Since a variation can exist
in the value of m ¢, a computation has been made to determine the effect of the
magnitude of m on the amplitude of the steady state response. Thus, from Eq. (8)

one computes an amplitude ratio defined as

1/2

_ . ,
+1
T(m) _ (mn(.S))

T(5) ( © J
+1
\o,(m))

where wn(m) is determined from Egs. (11) and (12) for a wire diameter D = 50 x 10-6

(13)

m (50um).

Figure 2 is a plot of Eq. (13) where it is demonstrated that a significant error
can occur in the computation of the amplitude. In particular, an error of 40% in the
amplitude will occur with a change of 20% in the magnitude of the exponent m.

The problem can be significant for angular frequencies ® > @p

3. TWO WIRE

The use of a single wire thermocouple requires knowledge of the fluid
velocity and additional properties such as viscosity or density. There are three
unknowns that appear in Egs. (1) and (11): a) the coefficient C given by Eq. (12) b) m
the exponent of the wire Reynolds number in Egs. (10), (11) and (12) and ¢) the gas

temperature Tj.



3.1 Determination of Gas Temperature
Consider two thermocouples of unequal diameters D; < D; as shown in fig. 1.

The conservation of energy equation for both reduce to

dr,

T = CDY % (T,-T,) (14)
-ddltz- - CDI 2 (T,-T,)- (15)
Eliminating C and solving for Ty, one obtains
. m-2
T, Il— - T —D—l
T, D,
Tg = . m-2 (16)
T, (DlJ
T, D,

where Tj, T, are the measured temperatures and their derivatives from wires of
diameter Dj, D,, respectively. Use of Eq. (16) only requires an estimate of the
exponent m and knowledge of the wire diameters D1 and D».

The construction of the gas temperature from Eq. (16) also requires knowledge
of the derivatives of the wire temperatures. Calculations of these derivatives may
amplify noise in the sampled data. Since Egs. (14) and (15) are linear equations, we
choose to use transformed data profiles. Taking the Fast Fourier Transform (FFT)

of Egs. (14) and (15), one obtains
ioT, = CD"*(T, - T)) 17)

ioT, = CD; (T, - T,) (18)

or solving for Tg



T, =T, — (19)
L) (B
T2 DZ
The inverse transform of Tg is the reconstructed gas temperature or
= -1[F
T, = FFT7[T)] (20)

3.2 Error

Assuming the wire diameters are known accurately, the choice of the
exponent m will affect the accuracy of the prediction of the gas temperature Ty as
shown in Eq. (16). The effect of the exponent m on the predicted amplitude of Tg is
shown in fig. 3 which plots the amplitude ratio Tg(m)/Tg(.5) as a function of the
normalized angular frequency w/w;. In fig. 3 values of D; = 50um and D, = 75um
were chosen including a value of the exponent m = 0.5. Substitution into Eq. (8)
provided values of T1(D; = 50p) and Tz (D2 = 75um) in Eq. (16).

As indicated in fig. 3, improper choice of the exponent m will create
significant error in the prediction of the gas temperature. The error is magnified at
larger frequencies ® > 3 w; for ~ 25% error in m while the onset of the error occurs at
® > 10 w; for a smaller ~ 10% error in m. Compared with similar computations for a
single wire thermocouple in fig. 2: a) the error is much smaller b) the error for the
two wire probe is shifted to larger frequencies @ > w; and ¢) the error is reasonably
constant for all choices of the exponent m.

Similar computations were made for a range of wire diameter ratios 1/2 <
Dy /D, <9/10 with D1 = 50um. As shown in fig. 4, the error decreased by ~ 12% with

wire diameters nearly equal.

10



4. EXPERIMENT

4.1 Apparatus
In the present experiment, thermocouple sensors are exposed to a

constant velocity air stream (<19 m/s) of varying temperature. In particular, the
dynamic response of the thermocouple is measured for a periodic temperature
profile of varying frequency. A rotating wheel configuration is used to deliver the
test air stream to the proposed sensors. A similar experimental apparatus was
described in detail by Elmore et al’ and Forney et al.6

A schematic of the rotating wheel apparatus used in the present experiment is
shown in Fig. 5. As the wheel rotates, holes pass the two air supply tubes (3/4-in. i.d.
copper) that allow slugs of hot (~55°C) and cold (~30°C) air to alternately enter a
transition tube assembly mounted directly above the rotating wheel. In the
transition tube the slugs of hot and cold air coalesce into a single air stream
providing a periodic temperature profile covering a range of gas temperature
frequencies from roughly 1 to 30 Hz. A 3/4-1/2 in. smooth copper adapter was
inserted at the end of the coalescing tube (location of thermocouple) in Fig. 5 to
increase the air velocity to 18 m/s.

The analog temperature signal is digitized with a Data Translation DT-2801
A/D board mounted in an expansion slot of an IBM AT compatible computer as
shown in Fig. 5. ASYST software was loaded onto the hard disk of the personal
computer and this provided a flexible system for data storage, manipulation, and
display. The true temperature profile of the airstream is measured with a constant
current anemometer (TSI 1054-A) and sensor (1210-T1.5).

The two type K thermocouple wires were of diameter D; = 50pm and D; =
75um as shown in fig. 1. The thermocouple junctions were fabricated by the

Research Instrumentation Branch at the NASA Lewis Center. The wires were cut
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with a razor blade to produce a flat edge perpendicular to the wire axis. The wire
segments were then mounted in a fixture such that the two faces of the junction
were held together by springs. The junction was then formed by laser heating. The
laser used was a KORAD model KWD Nd: YAG laser, operating at a wave length of
1060 nm. The power settings depend on the wire size and material, but for the
thermocouples described in this report, a pulse duration of 4 ms was used delivering

a total energy of approximately 2].

4.2 Procedure

To calibrate the two thermocouples and anemometer, the air velocity at the
exit of the coalescing tube in Fig. 5 (location of thermocouple) was maintained at
roughly 17.5-18 m/s. The voltage regulator was adjusted such that the temperature
of the hot line was maintained at an elevated temperature of ~55°C. One hole of
the rotating wheel was positioned in a stationary position over the unheated line.
The voltage output from both the thermocouple and constant current anemometer
were recorded at the input terminals to the A/D board. The true temperature was
also recorded with a thermometer suspended in the high-velocity air stream. This
procedure was repeated for several temperatures with the hole positioned over the
hot line covering an air temperature range from 30 to 55°C. It was found that both
type K thermocouples had a constant calibration factor (*C/V) over the small
temperature range. The constant current anemometer, however, provided a
nonlinear response with the calibration factor varying with air temperature. Thus,
a least squares curve fit was determined to provide the gas temperature with the
anemometer output. The calibration factors described above were then installed on
the ASYST data acquisition software.

The thermocouple and constant current anemometer are mounted in the

constant velocity air stream with both sensing elements parallel and separated by

12



approximately 1 mm. The period or frequency of the periodic temperature profile is
controlled over the range from 1.5 to 30 Hz with adjustment of the motor connected
to the rotating wheel shaft.

ASYST software was developed to acquire temperature data sequentially from
the thermocouples and constant current anemometer. The data are digitized for
three channels at a sampling rate of 1024 Hz per channel for a total sample time of 1
s. After data acquisition, the Fast Fourier Transform (FFT) is taken for each channel.
The largest peak (first harmonic) in the amplitude of the FFT is located for each
channel which provides the frequency of the temperature profile. The ASYST
software also records the amplitude ratio of the first harmonic for the 50um
thermocouple - to - anemometer output. The amplitude ratio was recorded for each
frequency setting of the rotating wheel and provided a value for the natural
frequency @; of the small wire.

The FFT from each thermocouple channel was substituted into Eq. (19) along
with values for the diameter ratios and an estimate of the exponent m by the ASYST
code. The inverse transform of Tg by the ASYST code provided a reconstruction of

the true gas temperature.

5. RESULTS AND DISCUSSION

Temperature profiles from the two thermocouples and anemometer were
recorded for several angular frequencies of the rotating wheel. Figure 6 illustrates
three profiles covering a time span of 0.3 s for a wheel angular frequency of @ = 74 s°1
and a natural frequency w; = 42 s'! for the smaller 50um wire. Here, the attenuation
and phase shift are evident for the tWo interior profiles corresponding to the two

wire thermocouple response.
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The FFT of the two thermocouple signals was determined and the results
were combined as suggested by Eq. (19). The inverse FFT was taken of T'g and the
result was plotted along with the anemometer output as shown in fig. 7. As
indicated, the anemometer output and the reconstructed signal from the two
thermocouples are nearly equal.

A series of experiments were performed with the wheel frequency covering a
range of values from 2.5 to 25 Hz. The amplitude ratio of the reconstructed signal to
the gas temperature (anemometer output) was plotted versus @/w; as shown in fig.
8. Each data point in fig. 8 represents the average ratio from two consecutive peaks
derived from plots similar to fig. 7.

For fixed exponent m = 0.4, fig. 8 illustrates that the reconstructed signal
requires no compensation until w ~2w;. For larger frequencies o > 2w;, the data

conform to the empirical function for the amplitude ratio

FFT-[T, ]|
T

g

= 1.36 — 0.265(w/ ®,) 1)

where the numerator is derived from Egs. (19) and (20) and the denominator is the
output amplitude from the anemometer. Also shown for comparison in fig 8 is the
first order response for a single thermocouple wire.

It is possible to predict the natural frequency of the small wire ®; from Egs. 11,
17 and 18. Eliminating the transform of the gas temperature T‘g from Egs. 17 and

18, one obtains

m-2F_ _ T
o, = i @/D) " T-Ti) )
(T1=Ta2)

14



Equation (22) is a useful expression provided the first harmonic frequency from the
transform of the gas temperature Tg is below 2w;. Evidence to support the latter
must be derived from prior knowledge and estimates of the gas velocities, properties
and the temperature fluctuation frequency. Knowledge of the natural frequency o,
from Eq. (22) would allow one to use the compensation factor Eq. (21) for the
amplitudes of the higher harmonics of Tg where w > 2w;.

From Eq. (19), the amplitude ratio should depend on the exponent m.
Additional data were recorded for m = 0.3, 0.4, 0.5 and 0.6 and the results are shown
in fig. 9. It is apparent that m has little influence on the amplitude ratio.
Theoretical results suggest that there must be a single value of m that would
provide an amplitude ratio of one for all frequencies. However, the empirical
nature of Eq. (5) for the Nusselt number and sampling error provide the attenuation

in Fig. 8.

6. CONCLUSIONS

Experimental measurements are made with a novel two wire thermocouple.
Signals from two wires of unequal diameters are recorded from the thermocouple
suspended in constant flow with a periodic temperature fluctuation. It is
demonstrated that the reconstructed signal from the two wire thermocouple
requires no compensation for ® <2 o7 where w; is the natural frequency of the

smaller wire. A compensation factor is recommended for larger frequencies ® > 2wz
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8. FIGURES
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Fig.1 - Schematic of two wire thermocouple.

18



Ol

[ |

a1m a8uis 1oy apnypduwre ay) uo w Jusuodxa jo 10ayg

_3\3

Ol

L1111

- 73y

¢
- 90

0l

- N.
- ¢
- ¥l
Bl
- 91
- L1

0¢

(G)1/(w)L

19



ardnosowray)

alm om} e 10j apmyjdure ayy uo w juduodxa jo 199359 - €91y
o /o
ol 0 o0 o
[ S T W B | 1 T T Y T 1 | T O 1
9 .
y
¢/ ="Ca/ta ]
GG B
Gy = W -

1’0
¢0
€0
v0
G0
90
L0
80

0l
Ll
Cl

(G)1/(w)L

20



-apmyrdwe ay} Uo onel INIUWEIP M JO 1091 - 914
b /™
0l 0 o0 0
N \ — .v = W |
¢/t )
0/6 = “a/'a -

1’0
¢0
¢0
¥0
G0
90
L0
80
60
0l
L'l

cl

(G) 1/ (W)L

21



HIGH PRESSURE
AlIR

l

PRESSURE
REGULATOR

THERMOCOUPLE

\

CONSTANT CURRENT

ANEMO

METER

L

J 8

" g
) 4

GH VELOCITY

AIRSTREAM

HI
HEATING
TAPE
HOT

)

ICE
BATH

TSI 1054-A
ANEMOMETER

AMPLIFIER

COoLD

JROTATING

INSULATION

JI

emesddeancocssnassnsancsnnscscncsranncsncancsnannaod

u]

O
i

MOTOR

ecsccvccronanscsnand

r

Fig.5 -

WHEEL

DT-2800
A/D BOARD

PERSONAL
COMPUTER

W/ ASYST SOFTWARE

PRINTER

STORAGE

Schematic of rotating wheel apparatus.

22



18 £ =® :Aouanbayy armjeradway sen wrigs
= (‘S g = o ‘wrlgg = I :sa1m OM ], 'Sallm adnoooway; 3y

ad £y om] pue (apniidwe a81ey) sed ay3 105 saqyoid armjeradwa] - 9311

(005) Quiy,

ea'v-

Q)L

ea‘'v

L 93X

23



-a;dnodouwrsayy asm omy wolj paauap ainjesddway

pajonLsuodal 03 patedwod (1-s y£ = ) ayoid axmeiaduwdy seH

(935) awilL

- £ 34

1
T T T

08 v-

(D.)L

- 00°'P

24



-dinjeradway

sed ann-03-indino ajdnodowiay; arm omy jo oner apnjrduwy

_3\3

oo_

L1 1.1

i

- 83y

o
=

a.im om} 7

v0

y/ 19pJo }suiy

i ] 1 1
0 © =+ N Q
() (- (- (- (-

I
N O
.« <

<

onoy apnyjdwy

25



‘onjel apnjrdure oy} uo w juauodxa Jo 13)g

_3\3

Ol oo_

Ly 4 ¢ 1 1

- 634

-

< | o +

1 | I l
Q v =T o <
o o o o o

I
~N O

<

ooy apnyydury

26



II. TWO WIRE THERMOCOUPLE:
FREQUENCY RESPONSE IN CONSTANT FLOW
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1. INTRODUCTION

The evaluation of jet engine performance and fundamental studies of
combustion phenomena depend on the measurement of turbulent fluctuating
temperatures of the gas within the engine. Historically, these temperatures have
been measured with thermocouples.] The advantages of thermocouples are their
low cost, reliability, and simplicity since they do not require optical access or
elaborate support electronics. However, the design of a thermocouple represents a
compromise between accuracy, ruggedness, and rapidity of response.

For example, the measurement of fluctuating temperatures in the high-speed
exhaust of a gas turbine engine combustor is required to characterize the local gas
density gradients or convective heat transfer.2 Although thermocouples are suitable
for the measurement of high-frequency temperature fluctuations (<1 kHz) in a
flowing gas or liquid, the measured signal must be compensated since the frequency
of the time-dependent fluid temperature is normally much higher than the natural
frequency of the thermocouple probe.> Moreover, use of a single wire thermocouple
in constant velocity flows requires knowledge of the fluid velocity and properties
(e.g., viscosity, density, etc.) to determine the natural frequency.

The present paper describes the performance of a novel three wire
thermocouple of unequal diameters that does not require compensation at lower
fluid temperature frequencies nor any knowledge of the fluid velocity or
properties.4#5 The results of experimental measurements are presented along with
the suggested procedure for the reduction of the data from the three wire

thermocouple as shown in fig. 1.
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2, THEORY

Use of a single wire thermocouple requires knowledge of the fluid velocity
and properties to determine the natural frequency. The latter quantity is necessary

to establish a frequency dependent compensation factor for the measured signal.

2.1 Natural Frequency of Single Wire

The conservation of energy for a single wire is :

% - 0, (T,-T) M
where the natural frequency
®, = p4—CIE)— (2)
Here:
®n = natural frequency (sec!)
T = temperature of the thermocouple (°K)
Tg = temperature of the gas (°K)
t = time (sec)
p = wire density (kg/m3)
C = heat capacity of wire (J/kg - 'K)
h = heat transfer coefficient (W/m?2 - °K)
D = wire diameter (m)

It is convenient to rewrite the heat transfer coefficient in terms of the Nusselt

number

h = —£Nu 3)
D (

29



where

kg = thermal concluctivity of the gas (W/m - °K)

Nu = Nusselt number.

Thus, the natural frequency in Eq. (2) becomes

4k _Nu @
®, = ,
" (pc)D?
where® Nu = C_Re™Pr'’ (5)
and Re = vb
v
g
Pr = R,
k

Here, Re and Pr are the Reynolds and Prandtl numbers, respectively and

U = viscosity of gas (kg/m-sec)

Vg Kinematic viscosity of gas (m2 - sec?).

V = velocity of gas (m/s)

The natural frequency of a single wire from Egs. (4) and (5) can now be written

in the form,

k8C°4 Re™ Pr'? ©
(()) =
i (pc)D’

or separating the wire diameter

30



o = CD™? 7)

n

where the coefficient C depends on both fluid and wire parameters or

4k _C, V™ Pr'”
(pc)vy

(8)

Substituting values corresponding to a type K thermocouple and a gas velocity V =
25 m/s for air at standard conditions into Egs. (7) and (8), one obtains values of the

natural frequency:

an(sec!) D (m) D(mil
52.6 50.8x106 2
18.3 101.6x10°6 4
6.5 203.2x1076 8

2.2 Determination of Gas Temperature

The use of a single wire thermocouple requires knowledge of the fluid
velocity and additional properties such as viscosity or density. There are three
unknowns that appear in Egs. (1) and (7): a) the coefficient C given by Eq. (8) b) m the
exponent of the wire Reynolds number in Egs. (6), (7) and (8) and ¢) the gas
temperature Tg.

Consider three thermocouples of unequal diameters D; < D; < D3 as shown in

fig. 1. The conservation of energy equation for each wire reduces to

dr,

qt = CD;“—2 (Tg—-T]) 9)
dT. m-
Ez_ = CD" Z(Tg_Tz). (10)
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dT,
dt

In principle it is possible to solve for the three unknowns that appear in Egs.

= CD;(T,-T,). (11)

(9)-(11) in terms of the instantaneous values of the wire temperatures T;, T2 and Tj
and their derivatives. However, because of the empirical nature of the Nusselt
number given in Eq. (5) and uncertainty in the wire diameters near the
thermocouple junctions, we choose to eliminate the coefficient C and solve for the
gas temperature Tg from Egs. (9)-(11). Moreover, because the conservation of energy
equations are linear at constant ambient velocities, we choose to use transformed
data profiles.

Thus, taking the Fast Fourier Transform (FFT) of Egs. (9)-(11), squaring Eq. (10)
and dividing by the product of Egs (9) and (11), one obtains

,TZZ ~ D; m-2 (Tg _TZ)Z ' (12)
T, Ts D, D, (Ts =T, N(Ts-Ts)

(13)

A

Substituting r = T2/T,

into Eq. (12) and anticipating that the wire diameter ratio D? /D,D, ~O(1)

2 m-2
( D; J = 1+€, (14)
DIDB

or

the transform of the gas temperature becomes

_ -b —./b2-4
TS — o [»] aoCo . (15)

B 2a

[
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Here,
b, = b+2eT,+0(e)’

—4ac, = 4eT} x-1)+O0(e)
b’-4da.c, = b’+ey+O(e)

and a, = r-1-e
where b = 2T,-r(T,+T,) (16)
and Y = 4T,(b+T,(r-1)).

We now seek a Taylor series expansion of Eq. (15) for the transformed gas

temperature about the point € = 0. Thus, to first order in € where

fe) = /b’-4a, +ey

and
1 1
gle) = a, r-l-e’
one obtains
fe) = b+ EYB e+0(e)? (17)
1 € 2
and gle) = —+—=+0(e) (18)
a a
where a = r-1. (19)

Substituting Eqs. (17) and (18) into Eq. (15) and retaining terms O(e ), one obtains

= b 2T, T} b
T = ———-¢|—2+-++— (20)
& E( a b aZJ

where a, b are defined by Egs. (13), (19) and (16), respectively.
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We now define the transform of the gas temperature for the particular case

where the wire diameter ratio D2 /D,D, =1 in the form

T,(0) = b (21)
a
or
~ T,(T,T, + T,T, - 2T,T,)
T = 221 2.3 1737 op)
z(0) T -TT) (22)

Substituting for the quantity b defined by Eq. (21) into Eq. (20), one obtains the final

result

aT (0)

g

T.(e) = Tg(0)+e( ! J(TZ—TS(O))2 (23)

T,
TT,
and TS(O) is defined by Eq. (22). The inverse transform of T (e) becomes the

where a = 1

reconstructed gas temperature or

T, = FFT7[T,(e)] (24)
for assumed values of €.

It is useful to consider the effects of wire diameter on the magnitude of the
perturbation parameter €. In general it is desirable to have small diameter wires so
that their natural frequencies are shifted to larger values. Listed in table 1 are three
possible wire combinations that are available commercially along with the
magnitude of €. The values of € are computed from Eq. (14) assuming that the wire
diameters are exactly as listed by the manufacturer which is very unlikely in

practice. For example, a typical value of the exponent m = 1/2 in Eq. (14) suggests
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that a 7% error in D2 would yield a value of € < 0.2 for the wire diameters listed in

the first row of Table 1.

TABLE 1 - Wire Diameter Combinations (m = 1/2)
Dy (mil) Dy (mil) Ds(mil) €

2 4 8 0.0
2 3 5 0.17
2 3 4 -0.16

3. EXPERIMENT

3.1 Apparatus

In the present experiment, thermocouple sensors are exposed to a constant
velocity air stream (<25 m/s) of varying temperature. In particular, the dynamic
response of the thermocouple is measured for a periodic temperature profile of
varying frequency. A rotating wheel configuration is used to deliver the test air
stream to the proposed sensors. A similar experimental apparatus was described in
detail by Elmore et al” and Forney et al.8

A schematic of the rotating wheel apparatus used in the present experiment is
shown in Fig. 2. As the wheel rotates, holes pass the two air supply tubes (3/4-in. i.d.
copper) that allow slugs of hot (~55°C) and cold (~30°C) air to alternately enter a
transition tube assembly mounted directly above the rotating wheel. In the
transition tube the slugs of hot and cold air coalesce into a single air stream
providing a periodic temperature profile covering a range of gas temperature
frequencies from roughly 1 to 60 Hz. A 3/4-1/2 in. smooth copper adapter was
inserted at the end of the coalescing tube (location of thermocouple) in Fig. 2 to

increase the air velocity to 25 m/s.
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The analog temperature signal is digitized with a Data Translation DT-2801
A/D board mounted in an expansion slot of an IBM AT compatible computer as
shown in Fig. 2. ASYST software was loaded onto the hard disk of the personal
computer and this provided a flexible system for data storage, manipulation, and
display. The true temperature profile of the airstream is measured with a constant
current anemometer (TSI 1054-A) and sensor (1210-T1.5).

The three type K thermocouple wires were of diameter D; = 50.8um (2 mil),
D; = 101.6pm and D3 = 203.2um as shown in fig. 1. The thermocouple junctions
were fabricated by the Research Instrumentation Branch at the NASA Lewis Center.
The wires were cut with a razor blade to produce a flat edge perpendicular to the
wire axis. The wire segments were then mounted in a fixture such that the two
faces of the junction were held together by springs. The junction was then formed
by laser heating. The laser used was a KORAD model KWD Nd: YAG laser,
operating at a wave length of 1060 nm. The power settings depend on the wire size
and material, but for the thermocouples described in this report, a pulse duration of

4 ms was used delivering a total energy of approximately 2J.

3.2 Procedure

ASYST software was developed to acquire temperature data sequentially from
the thermocouples and constant current anemometer. The data are digitized for
four channels at a sampling rate of 512 Hz per channel for a total sample time of 0.5
s. After data acquisition, the Fast Fourier Transform (FFT) is taken for each channel.
The largest peak (first harmonic) in the amplitude of the FFT is located for each
channel which provides the frequency of the temperature profile. The ASYST
software also records the amplitude ratio of the first harmonic for the 50.8um

thermocouple - to - anemometer output. The amplitude ratio was recorded for each
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frequency setting of the rotating wheel and provided a value for the natural
frequency w; of the small wire.

The FFT of the signal from each thermocouple channel was substituted into
Eq. (19) by the ASYST code along with an estimate of the parameter €. The inverse
transform of -'f‘g by the ASYST code provided a reconstruction of the true gas

temperature.

4. RESULTS AND DISCUSSION

The temperature profiles for the ambient gas (large amplitude) and the three
type K thermocouple wires are shown in fig. 3. The three wire diameters used in the
present study are Dy = 50.8um (2mil), D = 101.6um and D3 = 203.2um. The angular
frequency of the gas temperature in fig. 3 is @ = 86 51 (~ 14 Hz) while the natural
frequency of the small wire ®; = 42 s"1. The natural frequency of the small wire
corresponds to an ambient gas velocity of roughly 10 m/s.

Figures 4, 5 and 6 illustrate the effects of increasing the magnitude of the wire
diameter parameter € defined by Eq. (14). The small phase angle between the large
ambient gas temperature profiles that appear in figs. 4 and 5 and the smaller
temperature profiles reconstructed from the thermocouple probe allow one to
distinguish between both profiles in fig. 6. In the latter case, the temperature profile
on the left is that of the ambient gas while the profile on the right was determined
by taking the inverse FFT of Tg(e) defined by Eq. (23) with € = 0.2. In all three
figures the natural frequency of the small wire @; = 61 s1 (V ~ 20 ms-1) while the
angular frequency of the ambient gas temperature is @ =209 s(~ 33 Hz).

It is clear that a value of the parameter € = 0.2 provides a signal that requires
no compensation for the frequency ratio w/®; = 3.4. It should also be noted that a 7%

error in the diameter of D; would account for a value of € = 0.2. Further, the

37



coefficient of € in Eq. (23) depends on the difference between the uncompensated
FFT of the signal from the wire of diameter D; and the compensated FFT of the
signal from the three wire probe with a particular diameter ratio D} = D, D, (e = 0).
Thus, the contribution to the signal by the second term on the right of Eq. (23) is
negligible at low frequencies but increases with larger values of w/w;.

The amplitude ratio of the three wire thermocouple output-to-true gas
temperature as a function of gas temperature frequency has been plotted in fig. 7.
Also shown is the first order response of the small wire. The open symbols
correspond to a value of € = 0 in Eq. (23) where the amplitude ratio requires no
compensation for ® < 2w, For the range of values 2w; < ® < Sathe amplitude ratio

follows the function

-1.03
A = 1.92(—‘-”—} - (25)
(01

It should be noted that the first order response is also proportional to (w/w;)-! at
large frequencies.

A significant improvement is observed, however, when the parameter € = 0.2
as indicated by the solid symbols in fig. 7. For the latter case, no compensation is
required for @ < 5m;. As discussed earlier, the amplitude ratio data coelesce at low
gas temperature frequencies where the coefficient of € in Eq. (23) approaches zero.

Both values of € = 0.0 or 0.2 are of little value, however, when ® > 6®; where
the amplitude ratio for the three wire thermocouple reduces to the first order
response of the smaller wire. The latter result appears to occur at a gas frequency of
~ 60 Hz. For the present experimental system the signal - to - noise ratio may be
responsible for the small response at large frequencies. This situation may be

improved by replacing the two larger
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wires of 4 and 8 mil diameter by wires of 3 and 4 mils, respectively, as listed in table

1.

5. CONCLUSIONS

Theory and experimental measurements are compared with a novel three
wire thermocouple. Signals from three wires of unequal diameters are recorded
from the thermocouple suspended in constant flow with a periodic temperature
fluctuation. It is demonstrated that the reconstructed signal from the three wire
thermocouple requires no compensation for @ < 5w; where ®; is the natural
frequency of the smaller wire. The latter result represents a significant
improvement compared to previous work with two wire thermocouples. A

correction factor has also been derived to account for wires of arbitrary diameter.
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Fig. 1 - Schematic of three wire thermocouple.
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III. MULTIWIRE THERMOCOUPLES IN
REVERSING FLOW
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1. INTRODUCTION

The advantages of thermocouples are their low cost, reliability and simplicity
since they do not require optical access or elaborate support electronics. The design
of a thermocouple represents a compromise between accuracy, ruggedness and
rapidity of response. Although thermocouples are suitable for the measurement of
high frequency temperature fluctuations (< 1 KHz) in a flowing gas or liquid, the
measured signal must be compensated since the frequency of the time-dependent
fluid temperature can be much higher than the natural frequency of the
thermocouple probe.l Moreover, use of a single wire thermocouple requires
knowledge of the fluid velocity (normally assumed constant) and fluid properties
(e.g., viscosity, density, etc.) to determine the convective heat transfer coefficient of
the wire and its natural frequency.

The present paper describes the performance of novel two or three wire
thermocouples with unequal wire diameters for use in unsteady or irregular flows
of varying velocity. In this case the time constant or natural frequency of the
thermocouple wire is time dependent and the normal procedure for compensation
of high frequency signals is impractical. Previous work34 indicated the usefulness of
the concept in constant velocity flows where it was demonstrated that no
compensation was required nor any knowledge of the fluid velocity or properties
over a useful range of fluid temperature frequencies. In the present paper the
multiwire thermocouple has been tested in a reversing flow field. The results of
experimental measurements are presented along with the suggested procedure for

the reduction of the data from the multiwire thermocouple as shown in fig. 1.
2. THEORY

Unsteady fluid motion develops in a variety of circumstances. For example,

surfaces of discontinuity behind sharp edges such as airfoils and adverse pressure

51



gradients on blunt objects and in sharp corners lead to flow separation and the
formation of recirculating eddies.> Other examples of irregular fluid motion are a.)
cellular vorticies in stratified fluids or b.) oscillating flows in the exhaust from

certain engines (e.g., stirling, etc.).

2.1 Natural Frequency of Single Wire

The conservation of energy for a single wire is :

dT
dt

where the natural frequency

0, = 54;[1—) ()
Here:

®On = natural frequency (sec’!)

T = temperature of the thermocduple (°K)

Tg = temperature of the gas ('K)

t = time (sec)

p = wire density (kg/m3)

c = heat capacity of wire (J/kg - °K)

h = heat transfer coefficient (W/m?2 - °K)

D wire diameter (m)
It is convenient to rewrite the heat transfer coefficient in terms of the Nusselt

number

h = BgNu (3)

where

kg = thermal concluctivity of the gas (W/m - K)
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Nu = Nusselt number.

Thus, the natural frequency in Eq. (2) becomes

4thu
0, = ——>, 4)
(pc)D
whereb Nu = C_ Re™ pr1/3. (5)
and Re = LV—(QIP-
Vg
C
Pr = i—p
4

Here, Re and Pr are the Reynolds and Prandtl numbers, respectively and

viscosity of gas (kg/m-sec)

T

ug Kinematic viscosity of gas (m? - sec-1).
V(t) = time dependent fluid velocity (m/s)
The natural frequency of a single wire from Egs. (4) and (5) can now be written

in the form,

k, C, 4Re™ Pr'/?
(pc)D?

or separating the wire diameter and fluid velocity

Op = ©)

o, = C[V["D™? )

where the coefficient C depends on both fluid and wire parameters or
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4k, C, pr!/3

(pc)og‘

(8)

Substituting values corresponding to a type K thermocouple and a maximum gas
velocity Vimax = 25 m/sec’! for air at standard conditions into Egs. (7) and (8), one

obtains values of the maximum natural frequency ®max

Dmax(sect) D (m) D(mil
52.6 50.8x10-6 2
183 101.6x10-6 4
6.5 203.2x10-6 8

22. Two Wires

The conservation of energy given by Eq. (1) for a single wire contains two
unknowns: @, the natural frequency and the desired gas temperature Tg. Each
additional wire of a different diameter adds an unknown natural frequency w,. We
also assume for a multiwire thermocouple that additional information is available
concerning the ratios of natural frequencies. The latter provides a sufficient number
of independent equations to determine the time-dependent gas temperature Tg.

Consider two thermocouple wires of unequal diameter D; < D;. The

conservation of energy for each wire becomes

dT _

d—tl = C[V|™ DI (T, - Ty) )
T _

d—dtl = C|V" D (T, - T,) (10)

In principle, knowledge of the wire diameters provides an additional equation
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m-2
o [ an
O))

representing the ratio of natural frequencies as defined by Eq. (7). Dividing Eq. (9) by

Eq. (11) and solving for the gas temperature one obtains

. m-2
H2)-1l5)
Ty = = w7 (12)
=5
T2 D2

where T, = dT;/dt.

Our experience with multiwire thermocouples in constant flow34 and the
present study indicate that construction of the gas temperature from Eq. (12), which
requires the measured wire signals T;, T2 and their derivatives, is unstable and
unreliable. We have found in all cases, however, that satisfactory results are
obtained by taking the Fourier transform of the conservation equations and
deriving the gas temperature in terms of transformed variables. For the case of
unsteady flow, independent knowledge of the gas velocity is therefore required.

Thus, taking the Fast Fourier Transform (FFT) of Egs. (9) and (10) and
dividing the expressions, the transform of the product of gas temperature and fluid

velocity is obtained in the form

= m-2
_ 2v T 1v D
T, = 2 2 (13)

T EES
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where Tiy = FFT(V|™T;) and Tgv = FFT (JV|mTg). For convenience we also define

the parameter B = w1/, or

m-2
[3 = [&) . (14)

The inverse transform of Tgv provides the reconstructed gas temperature or

T, = M—Fm-l[ ]

2.3. Three Wires
Consider three thermocouple wires of unequal diameters D; < D; < D3 as

shown in fig. 1. The conservation expression for each wire becomes

dT; _
ek wl(Tg —Tl) (15)
dT,
== wz(Tg —Tz) (16)
dT;
—a't— = (03(Tg —T3) (17)
with the additional constraint
2 2 \m-2
o = 22 =(D2) : (18)
W05 DD,

Taking the FFT of Egs. (15)-(17), squaring Eq. (16) and dividing by the product
of Egs. (15) and (17), one obtains
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( T2 J" o(Tyy — Ty o
) (Tl )
Substituting r = T2/ T,T; and solving for T,,, one obtains

_ —b—,sz -4
T ac 20)

gv 2a

where a=r—o

_F T T2
c=11,T;, oy,

and Ty, = FFT(|V|ng), T, = FFT(|V|"‘T1). The inverse transform of Tgy provides

the reconstructed gas temperature or

T, = I—W—FFT‘l[ ] @1)

3. EXPERIMENT
3.1 Apparatus

In the present experiment, thermocouple sensors are exposed to a reversing
velocity air stream (<25 m/s) of varying temperature. In particular, the dynamic
response of the thermocouple is measured for a periodic temperature profile of
varying frequency. A rotating wheel configuration is used to deliver the test air
stream to the proposed sensors. A similar experimental apparatus was described in

detail by Elmore et al” and Forney et al8.
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A schematic of the rotating wheel apparatus used in the present experiment is
shown in Fig. 2. As the wheel rotates, holes pass the two air supply tubes (3/4-in. i.d.
copper) that allow slugs of hot (~55°C) and cold (~30°C) air to alternately enter the
tube assembly mounted directly above the rotating wheel. The slugs of hot and cold
air form a reversing air stream providing a periodic temperature profile covering a
range of gas temperature frequencies from roughly 1 to 60 Hz.

The analog temperature signal is digitized with a Data Translation DT - 2801
A/D board mounted in an expansion slot of an IBM AT compatible computer as
shown in Fig. 2. ASYST software was loaded onto the hard disk of the personal
computer and this provided a flexible system for data storage, manipulation, and
display. The true temperature profile of the airstream is measured with a constant
current anemometer (TSI 1054-A) and sensor (1210-T1.5).

The three type K thermocouple wires were of diameter D; = 50.8um (2mil), D,
= 101.6um and D3 = 203.2um as shown in fig. 1. The thermocouple junctions were
fabricated by the Research Instrumentation Branch at the NASA Lewis Center. The
wires were cut with a razor blade to produce a flat edge perpendicular to the wire
axis. The wire segments were then mounted in a fixture such that the two faces of
the junction were held together by springs. The junction was then formed by laser
heating. The laser used was a KORAD model KWD Nd: YAG laser, operating at a
wave length of 1060 nm. The power settings depend on the wire size and material,
but for the thermocouple described in this report, a pulse duration of 4 mn was used

delivering a total energy of approximately 2].

3.2 Procedure
ASYST software was developed to acquire temperature data sequentially from
the thermocouple and constant current anemometer. The data are digitized for four

channels at a sampling rate of 512 Hz per channel for a total sample time of 0.5 s.
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After data acquisition, the Fast Fourier Transform (FFT) is taken for each channel.
The inverse transform of T‘gv by the ASYST code provided a reconstruction of the

true gas temperature.

4. RESULTS AND DISCUSSION

The velocity profile of the airstream was measured with the constant current
anemometer. Figure 3 illustrates the velocity profile for a wheel frequency of 10 Hz.
For the positive velocities in fig. 3 the gas reached a temperature of roughly 25 to
30°C corresponding to the cold slugs while the negative velocity components were
hot air slugs of approximately 50°C.

In the present study the gas velocity and temperature were not measured
simultaneously. Rather, it was assumed that the temperature measured with the
anemometer was proportional to the gas velocity in the reversing flow field or V(t)
o Tg(t). A typical data profile is illustrated in fig. 4. The uniform profile on the right
is the temperature profile measured with the anemometer. The temperature profile
on the left was reconstructed with Eg. (20) assuming that the exponent m = 0.5 in
Egs. (7) and (21) and a value of the diameter ratio a = 1.0 for the three wire
thermocouple.

The value of the exponent m = 0.5 was chosen for the Reynolds number that
appears in the Nusselt number correlation Eq. (5) and the wire natural frequency wn
given by Eq. (7). At the maximum gas velocity of 25 m/s the maximum Reynolds
number for the three wires in the thermocouple assembly are 80, 160, 320
corresponding to the smallest to largest diameter wire, respectively. Since the
recommended values of the exponent m are 0.5 for Re > 40 and 0.4 for 1 < Re <40,°

we chose a constant value m = 0.5 in the present study.
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4.1 Two Wires

The amplitude ratio of thermocouple-to-gas temperature was determined
using a two-wire combination with D;= 50.8 pm and D, = 101.6 pm from the
schematic in fig. 1. The gas temperature was reconstructed with Eq. (13) assuming m
= 0.5. The amplitude ratio was determined by averaging peak temperatures over six
or eight cycles. The results are indicated in fig. 5 as a function of the parameter B =
1 /oy = (D1 /D2)3/2, In fig. (5) the natural frequency w; = 59 s-! is defined as the
frequency at the maximum gas velocity for the small wire D; = 50.8 um. It is clear
that by amplitude ratio is strongly affected by B and that the optimum value is B =
2.55.

Figure 6 illustrates amplitude attenuation as a function of gas temperature
frequency for fixed B = 2.55. The two wire combination requires no compensation
for frequencies w/w; < 2.3 corresponding to frequencies < 22 Hz in the reversing

flow field.

4.2 Three Wires

The amplitude ratio of thermocouple-to-gas temperature was determined for
the three wire combination as shown in the schematic of fig. 1. The gas temperature
was reconstructed with Egs. (20) and (21) with the exponent m = 0.5. The results are
indicated in fig. 7 as a function of the parameter a=(w3/®,w,;)=(D}/D,D,)*2. It is
clear that the amplitude is strongly affected by a and that the optimum value is o =
1.0.

Figure 8 illustrates amplitude attenuation as a function of gas temperature
frequency for fixed a = 1.0. The three wire combination requires no compensation
for frequencies ®/w; < 3.5 corresponding to frequencies < 34 Hz in the reversing

flow field.

60



5. CONCLUSIONS

Measurements are recorded for multiwire thermocouples consisting of either
two or three wires of unequal diameters. Signals from the multiwire probe are
recorded for a reversing gas flow with a periodic temperature fluctuation. It is
demonstrated that the reconstructed signal from the multiwire thermocouple
requires no compensation provided w/w; < 2.3 for two wires or /@1 < 3.6 for three
wires where ®; is the natural frequency of the smaller wire based on the maximum
gas velocity. The latter results were possible provided Fourier transformed data

were used and knowledge of the gas velocity is available.
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7. FIGURES
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Figure 1 - Schematic of three wire thermocouple
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\ FF3Z.FCR
ECH2.OFF
FORGET.ALL
REAL DIM{
COMPLEX DINM{
COMFLEX DIMC

COMPL

REAL DIM{ 10 ] ARRAY
REAL DIM{ 512 ] ARRAY
REAL DIM[ 512 ] ARRAY
INTEGER SCALAR NUM

REAL SCALAR ME!

REAL ESCALAR MENI

REAL SCALAR MEN2

REAL SCALAR MENZ

REAL S5CALAR MEN4

REAL SCALAR CD

REAL SCALAR T

TIAL DIMI E1Z I ARRAY
RZAL DIM{ 51Z ] ARRAY
INTEGER DINI 512, 4

.28

Lo DA'A BUFFE =
LOAD.OVIRLAY ATQUIZ.S
c 3 SDUTENE

gLz TEXTLATE.RZITEAT
I CONVERZIODN.DELAY
TEMC . TEMILATE A2 INI
N 1. SYNC.PERIID
N SYNCHRONIZE
A/T. IN:ARRAY
LOAZ .CVERLAY WAVECIZ.
512 R_AL RAMZ 1 - 4.
TATA.BUFFER XZECT[{ 2
SIGNAL := SIGNAL
QSSP *+ 1304, %
SIGN L o= TSI N&L
.08 SET.CUT .FREQ
SMOCTH :IGS z := CIG

MTAN MEY :=
fay < SRS FuitN -
MZN - u‘GNAu :=

~*wE SR’ 100
’

POPOVS SN o3

XY.AUTC.PLOT

SIGNAL

ASYST Version 3.00
Page 1 FF3P.FOR

1. ASYST CODE - CONSTANT FLOW

£12 ] ARRAY TIME

512 ] ARRAY TRANZI
512 ] ARRAY TRANZZ
EX DIM[ 51Z ] ARRAY TRANE3
ARS

ZMAGO
ZARGO

-

jotelet

Shlige

oI

A

“

01/

IGNAL

RRAY DATA.BUIFER

', DEFINZ AX A/D TEMFL
\ DECLARE AER
\ SET TEMSLATE BUF

-

- QHH-T-AV-
SET RETETITICNT
CONVERZIION
INLATUTIND AR

.L\;“Ag-h‘_ (STED cOo ¥ 18 N

-

-

s

s

T Ay

N\ASD INZUT TC

1000, / TiMZ &=

ETACK

2048 - N, CHANKNEL C O

o —yyer A

\ LZaenily CZNTIGR
ML Ty E P

\ SMIQOTE DAT \Z\HL&

N CENTEn ON ORIGIN
3 EIGNAL SUB{ 106 , 300 , 1]
AN PL01 CHANNEL C

0€/35 06:5E6:40.38

TMTT pmT

ORIGINAL PAGE 1§
OF POOR QUALITY



ANS [ 1
DEG TRAN
N c
AN [ (=)

TRARZ1 |

DATA.BUFFER

SIGNAL

LTOE
b SR *

TN
SIGNAL :

R PP
AN SMOCTE
par g
MEAX MENI

ek d Ve el b o)

+Lai2 OUD

STANAY
=R ST P
o
rr.

TRANEZZ TRANZL IZMAG ZMAGT =
ZMAZD ET i, 120, 1 ] LOCAL
SWAZ NUM 1= KM

2 -Ch /4. /BLZ. FOL00T. ¥ P

AN [ 4 7 1= ANZ [ 4  IRIP AN
DZ3 TRANIL ZARG ZARGD := ZARSC
Noo[Dog8 D=

TRANZI [ NUM I DEZ ZARG AN3
DATAR.BUFTER XSECT{ 3 ] 2048 -
SIGNAL := SIGNAL

.05487 =

SIGNAL := SIGNAL

N\  SMOOTH SIGNAL := SIGNAL
MEAN MENZ := EIGNAL MENZ2 -
TIME SUB{ 100 , 300, 1 ] ¢SIG
XY.DATA.PLOT

TRANEZ

L

N
XY .DPATA.FLOT

TRANS1 ZMAG ZMAGO :
CINTS
PTIMA
E l 14

120,

1 ] LOCAL.M

\ TAKE FFT

N\ MAGNITUZE

{IMA

1= NUM
4. / B1Z., / 1000. * PI * 2. «
:= AN [ 1 J DRCPANS [ 2 7 :=
RG ZARGO := ZARGO [ NUM ]

SIGNAL
SIGNAL MENI
300 , 11

SIG

ASYST Version 3.00

~

4

Page

FF3P.FOR 01/06,/385

NAL SUB[

N CHANKEL 1

SIGNAL :
NAL SUZ{

oD

OF FFT

FIND INDEX AND MAX OF MAGNITUIE
INDEX OF MAY MAGNITUDE

FREQUENTY AT MAX MAGNITUDZ

vyl

FIND ARGUMENT OF FFT
ARGUMENT AT MAX MAGNITUIE

1 ON

CMAFY LT TMAAAr e s
STACK (THEEZRMOCOUPLE:

(R

N\ TAKE FFT

\ MAG

100

SIGNAL :

06:56:42.42

R ——
RIS L fe

N At Tarm T
NOFIND INIZE A

INIJEX CF MAXY
v FREQUENCY AT

NI
SAah D

SO FINID ARGUMZINT T
NOARGUMINT AT MAN MAZNITUIE

T S Ve
EANNEL C

IR et W i R T R S SR
. Y

[PPSR S A |

ZTACE {

OTH DATA (CYCLES/POINT)

oMOD

CENTER ON ORIGIXN
300, 11

PLOT CHANNEL

-
-

CHANNEL

r

ORIGINAL PAGE 18
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DATA.BUFFER XSECT[ 4 ] 2048

SIGNAL SIGNAL
.04725 *

SIGNAL := SIGNAL

\. SMOOTH SIGNAL :=
MEAN MENZ := SIGNAL MHNU
TIME SUBL 100 , 300 , 11

XY.DATA.FLOT

SIGNAL
FFT
TRANZS

SIGNAL

100

SIGNAL
IGNAL SUEL

\ CHANNEL 3 OK

, 300

V-A..._.,

ETACK HERMOC

N\ SMOCTE DATA (TYCL
\ CENTER ON CRIGIN
101
4

\ PLCT CHANNEL 3

\ TRANSFORM OF CHANKEL S

TRANSZ TRANS1 * TRANZIZ TRANSS * + » CONSTRUCT SIGNAL

=, TRANZ1 * TRANS3 * - TRANGZ 7

TRANZZ TRANSZ * TRANS1 TRANE3 x - /

TRANZI :=

151 ZMAG IMAGO := . AMTLITUDE CF FIRGT HaRMONIC
UET i1, 120 , 1 ] LOCAL.MAXINMA
\, INVERZE TRANITTRM
= SIGHAL
MEAN V \1 = SIGNAL MEN4 - SIGNAL := ZIGRAL

C”O“"H SIGNAL :=
SIGNAL SIGNAL :=

TIME SUBI 100 , GCO ., 1 ]
SIG‘AH $UBL 100 , 3CC 13
XY.DATA.PLOT \ PLOT RECONITRUTTED SIGHAL
CR
N FREQ MAG PEI CRr

ANE [ 1 3 ? CR \, ANGULAR FTRIZGQ CHANNIL O

ANZ T 5 1 ANS [ 23/ 7CR \ AMPLITUIZ RATIC CHANNELES 170
AN NS [ 717 & [ 217 CR
N\ ANZ [ 7 1ANS [ 23/ 7%CR
, ANS £ 3] -1#% ANS [ 61+ 180 FI / CD % 1000 0 ANT [ 1 1+ - 7 CH
" ANS [ 2 1 -1+ ANS [ €]+ 7CR

MEN 7 MENL1 7 MENZ ? MEN3 7 MEN4 ? CR

\, FORGET.ALL

ASYST Version 3.00
Page 3 FF3P.FOR

01/06/395

06:54:44.21

ONIGINAL PAGE 15
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\ RE
ECHO.
FORGE
REAL
CoM
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
INTE
REAL
REAL
REAL

2. ASYST CODE - REVERSING FLOW

V.FOR
OFF
ET.ALL

DIM[ 512 ] ARRAY TIME
LEX DIM[ 512 ] ARRAY TRANS
DIM{ 51C 1 ARRAY SIG1
DIM{ E1Z ] ARRAY SIGZ
DIug 512  ARRAY SIG3
DIMI E£12 ] ARRAY DIF:

IM{ 512 ] ARRAY DIFZ
DIMD 512 ] ARRAY DIF3
DIM{ 512 ] ARRAY Ri
DIMI 1C ] ARRAY ANS

1

DIM{ 512 ] AREAY IMA3D
DIMI 512 ] ARRAY ZARGC

GZR SCALAR NUM
SCALAR MEN

SCALAR MEN1
SCALAR MEXZ

EAL
REAL
REAL
REAL

o a

REAL DIMI
rutiind

INTEGER

DCAQH
LAR

R -

Cot NWERD

e
YRR N

1. 8YnT
SYNCERT:
/20 IN=ARR
LOAT.OVERL

Pl
512

noao

DATA.BUFFE
L'IG'\IAL HS
QJ\'\J %
SIG&AH 1=
.1 SET.CUT

SMOCTH
MEAN MEN
MEN SIGH

Ll

-
E=

SCALAR
SCALAR

P,
oONMENS
..
R MEN4G
co
a AL
[
3
PN
sy

TR

DTN

AT

7]

TEMT!

PR <SS

T

CEMTLATZ . RIFEZAT

AXRAY SIGXNAL
» 4  ARRAY DATA.EUFFEIR
TE DEMDUTEMTLATT \ DEFINE AN AT TEMSLATE
TE.BUrFTER \ DECLARE ARRAY AZ A TEMFLATE
N SET TEMPLATE BUTTER TO CYZL
 SET REFTETITIONS FCR I, 0 INC
ELAY N CONVERSION RATZ (M3ECS/SAMILE)

~av e -
PUrS I

painbol Bat N
a

D B PP Y

NTTE
WAY

1Y WAVED
RANMP

R}

'FE.Z0V
4. + CD

OFF.FRZQ

G\AL

Av

NAL

01/06/95%

INZ CORRENT AT

TIALIZE

N\ A/D INFUT TO TEMPLATES
* 1000. / TIME := N SET

N\ CHAKNEL ON ZTACKE (AN

N DEGREES CEKTIGRAIT
N\ SMOQTH DATA (CYCLES,?P

ORIGIN

07:18:14.81

T e
TEMEFLATE
TUTFLR
SoIrLn
mrws opve o
- da in

AT AN T T
AN i< S < O

ORNIGINAL PAGE 18
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TITME

TIME SUBL 100
XY.AUTO.PLOT

300

y

N

SIGNAL

FFT

TRANS1 TRANE1
5 SET.#.POINTS

1 SET.#.0FTIMA

ZMAGS SUBI 1, 120, 1] LOCAL.MAXIN
SWAFP NUM := NUM
1 - / 4. / 5BlZ 0 * PI ¥ 2.

r
r

9

2
NUM

(;; RN Ko
= 3t
()] ; b

ANE 1=

THRAN [ NUM ] DEG ZARG ANS [ 2 1
TATA . BUFFER XSECT[ Z 1 2048 -

§IGL1 := SIGL

04725+

$1G1 := SIGL

. SMODTH SIGL := BIGL

MEAN MEN1 = SIGi MENI - EiGl :=

TIMET SUB[ 100 , 300 , 1 1 BIGI SUBL
AN XY.DATA.FLOT

SIGL

Fre

TRANSI := TRANII ZMAG IZMAGC :=

ZMAGC 5UB. 1, 120, 1 ] LOCAL.MAXI
SWAT NUM := KNUM

{1 -CD/ 4. / 5l2. 7 1000. % Pl # P
NS [ 4 5 = ANZ [ 4 1 DRC2 ANE [ &

NEG TRANS. ZARG ZARGYD := ZARGU | NUM
ARNZ [ E 3 =

TRANSL [ NUM 1 DEG ZARG ARS [ € ]
SIG1

DIFFERENTIATE.DATA Go001 + DIt
DATA.BUFFER XSECTL 2 ] 2048 -

SIGZ := BIGC

. 05457 +

SI1G2 := SIG2

EMOCTE SIG2 := B8IG2

MEAN MENZ := SIG2 MENZ - £IG2 :=

TIME SUB{ 100 , 300 , 1 ] SIGz SUBL

ASYST Version 3.00

Page 2 REV.FOR 01/06/95

SUE(

07:13:

1

-

100 , 30C ,
PLOT CHANNEL ©

E F¥T
MAGNITUDE CF FIT

< r'eS

14
(34

N CHANNEL 1 OF

SMOOTE ©

N
. o PR
i0c , 300, 1 )
N . A I AT T
 FLOT CHANXNE
A
N
N a5
\ MASNITUDZ LI
oy
N\, FIN

INI

TETOU
rriav

= \
P

CHANNEL

\ SMOOTH
\ CENTER
300

’

37.93

FIND INDEX AND MAN OF

o)

FREQUENCY AT MAX MAGNI

AT T
o ARGUMENT

N

o
=

3

=

&R
ARGUMENT

]

p oy —————

MAGNIT DD
F MAX MAGNITUDE

mEITT

JRENAN

C
AT MAX M

TACK

I

NIEN AND MAX O
T MAN MAGNI

ks Na sl

c
NIV OAT MAX MASHITUIE
GUMENT O
AT MAK D

NTIATE CHANNEL 1
e v s evemTas T T
N STACK {(THERMOTOUPLZ,

= s AT
PRI

e

g )

f;;ﬂamma PAGE 1k
OF POOR QuUAL 1T



\ XY.DATA.PLOT \ PLOT CEANKNEL 2

SIGZ
DIFFERENTIATEZ.DATA .00001 + DIFZ := \ DIFFERENTIATE CHANNZIL 2

DATA.BUFFER XSECT[ 4 ] 2048 =~ \ CHANXNEL E ON STACE {THERMCCOUTLE:
SIG3 := 3IGS3

.047Z285 &

:IGo N

H

(

C)
@]

N\ SMOOTHE LDATA (CYCLEZ POINT:
= \ CENTER CON ORIGIN
SUBL 100 , 300 , 1 ]
\ PLOT CHANNEL 2

MEAN Y:NC i= SIG3 MEN3 - &I
T¢M~ SUB. 100, 300, 11 &IG
N XY.DATA.PLOT

SIG3

DIFFERENTIATE.DAT .00001 + DIFS := \ DIFFERENTIATE CHANNZIL 2
.02 AL &=
DIFZ DIFZ + DIFL1 DIFS * / Rl := . RECONZTRUCT SIgGnal
RZ L - DIFI :=
C. BIGT + AL ¥ SIGL 5IG3 + RI + - DIFD :=
SIGI ZIGT * Rl # ZIGL £I32 » AL 4 - IIT2 =
DIFL DIFZ ¢ 4. DIFL v LIFE + - A3T SQET 1. o+ DIr: =
LIFZ -1, % ITITZ - 2. ZIF1 4 SIGi :=
AN TRANZ! ZMAG ZMAGC := “CAMPLITUDE OF FIRIT BARMONIC
N\ ZMAGD SUEZ[ 1 . 127 , 1 ] LOCAL.MAXIM
AN ANS [T 7 ] :=
2IGL
MEAN MENS 1= SIG1 MENS - SIGI := SIGl
SMOCTH £IGL :=
SIGI SI3L :=
TIME SUBL 100, 30C , 1 3
SIGI BUBL 100, 300, 1 ]
XY.DATA.PLOT \ PLOT RECONETRUCTED SIGNAL

CR
. FREQ MAG FPEI " CR
ANT [ 1 2 7 CR N\ A‘G"“‘
ANS [ 5 ) ANS [ Z 1,/ 7 CR SCAMPLITUD S
N ARKZ [ 7 37 ANS [ 2 ;7 CR
N\ NS [ 71AS {271/ 7CR
N ANSE [ 3 1 -1 % ANS [ € ] + 1B0 PI , Co + 1000 JOANS D I ¢ - 7T CR
N ANS [ Z I -1 % ANS [ 6] + 7 CR
MEN ? MEN1 7 MEN2 ? MEN3 ? MEN4 ? CR
\ FORZET.ALL

AZYST Version 3.00
Pauge 3 REV.FOR 01/06/95 07:14:37.80

ONGINAL PACE
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